Batch and column adsorption modes were compared for the adsorption of U(VI) ions using rice husk waste biomass (RHWB). Response surface methodology was employed for the optimization of process variables, i.e., (pH (A), adsorbent dose (B), initial ion concentration (C)) in batch mode. The B, C and C 2 affected the U(VI) adsorption significantly in batch mode. The developed quadratic model was found to be validated on the basis of regression coefficient as well as analysis of variance. The predicted and actual values were found to be correlated well, with negligible residual value, and B, C and C 2 were significant terms. The column study was performed considering bed height, flow rate and initial metal ion concentration, and adsorption efficiency was evaluated through breakthrough curves and bed depth service time and Thomas models. Adsorption was found to be dependent on bed height and initial U(VI) ion concentration, and flow rate decreased the adsorption capacity.
INTRODUCTION
Under the current scenario of water pollution, a lot of efforts have been devoted to cleaning the environment of toxic agents. Various physico-chemical and bio-chemical methods have been employed for the removal of pollutants from wastewater (Iqbal & Ogundipe & Babarinde ). However, cost, efficiency and secondary pollution issues limit the applications of the treatment methods. In this regard, biosorption seems to be viable for the adsorption of metal ions from wastewater (Babarinde et al. ; Babarinde & Onyiaocha ) . Biosorption offers various advantages over traditional methods, as it is cost effective and environmentally friendly because a variety of adsorbents are available naturally and there is also the option to modify these adsorbents for enhanced adsorption of any type of pollutant. The adsorbents based on agricultural waste have versatile functional groups (carboxyl, hydroxyl, amide etc), which make the adsorption process more efficient (Pang et al. ) . A variety of agricultural wastes as adsorbents have been developed and employed for the adsorption of metals, dyes and other pollutants of environmental concern (Ullah et al. Response surface methodology (RSM) is a statistical technique for the optimization of process variables (Iqbal et al. ) . The application of biosorbents needs to optimize the process variables, which will improve process efficiency, reduce operational cost, and save time and capital cost. Biosorption is a very complex process and is strongly dependent on various factors (solution pH, sorbent dosage or concentration, initial sorbate concentration, time). So far, RSM is beneficial in assessing the effect of several parameters and their interactions (Iqbal & Bhatti ; Iqbal et al. ; Nouren et al. ) .
Therefore, this study was designed to evaluate the U adsorption efficiency of rice husk. The principal objective was to optimize the adsorption conditions and comparison of batch and column modes' adsorption efficiencies for the adsorption of U onto rice husk biomass.
MATERIAL AND METHODS

Reagents and chemicals
The UO 2 (NO 3 ) 2 .6H 2 O salt, HCl (37%) and NaOH (97%) were purchased from Sigma-Aldrich (USA). U(VI) stock solution (1,000 mg/L) was prepared by dissolving UO 2 (NO 3 ) 2 .6H 2 O salt in deionized water. Working standards of desired concentration were prepared by diluting the stock solution.
Preparation of adsorbent
Rice husk was collected from Ayesha rice mill, Faisalabad, Pakistan. The rice husk was washed with tap water and deionized water to remove impurities from its surface. The washed mass was dried under solar light followed by oven drying at 60 W C to constant weight. The dried mass was ground, sieved (300 μm) and stored in airtight containers.
Analytical determination of U(VI) concentration
For the determination of the U(VI) concentration, an already reported method was adopted (Bhatti et al. ) .
Batch biosorption study
Batch adsorption experiments were carried out in 250 mL Erlenmeyer flasks. Respective amounts of U solution and adsorbent were poured into the flask. After pH adjustment, the flask was placed in an orbital shaker at 125 rpm for the stipulated time period (320 min) at room temperature. 1 M HCl/NaOH solution was used for pH adjustment. Central composite design (CCD) was used to run adsorption experiments, and factor, levels and experimental runs are shown in Table 1 . The pH, adsorbent dosage and initial U ion concentration were studied in the range of 2-9, 0.05-0.3 g and 10-100 mg/L, respectively. After the stipulated time period, the solution was filtered, the U(VI) concentration was determined (Bhatti et al. ) and the adsorption capacity (U adsorption/per unit biomass) was calculated using the relation shown in Equation (1).
where C 0 and C e are the initial and final concentrations of U(VI) ions in solution (mg/L), q e is the adsorption capacity (mg/g), V (mL) is the volume of solution and m (g) is the mass of the adsorbent.
Response surface methodology
CCD was used to run batch adsorption experiments and data were subjected to RSM to optimize the pH, biosorbent dosage and U ion concentration. A total of 20 experiments were run in triplicate. Design-Expert software (Stat Ease, 7.0.0 trial version) was used for data analysis. The independent variables were coded according to Equation (2).
where x i is the dimensionless coded value of the ith independent variable, X 0 is the value of X i at the center point, and ΔX is the step change value. Second-order polynomial model was developed to fit the adsorption data as shown in Equation (3).
are the interaction effect and ε is a random error. The developed model was validated on the basis of coefficient of determination (R 2 ) and the analysis of variance (ANOVA) (Iqbal et al. ) .
Column adsorption mode
For the column adsorption mode, a fixed-bed column was used (glass column, 43 cm × 20 mm i.d.). At the bottom of the column, a stainless steel sieve was attached followed by a layer of glass wool. A known quantity of the rice husk waste biomass (RHWB) was packed into the column and bed heights were adjusted at 1, 2 and 3 cm. Uranium solutions of known concentrations (pH 4) were pumped (Prominent, Heidelberg, Germany) at a desired flow rate (1.8, 3.6 and 5.4 mL/min). At regular time intervals, the solution was collected at the outlet of the column, the U concentration was determined and the effluent volume (Veff) was calculated using the relation shown in Equation (4).
where t total and F are the total flow time (min) and volumetric flow rate (mL/min), respectively. Breakthrough capacity Q 0.5 (at 50% or Ct/Co ¼ 0.5) expressed in mg of U ions adsorbed/g of adsorbent was calculated using Equation (5).
Thomas model
The linearized form of the Thomas (Thomas ) model is expressed in Equation (6).
where K Th (mL/min·mg), q o (mg/g), C o (mg/L), C t (mg/L), W (g), Q (mL/min), t (min) are representing the Thomas rate constant, adsorption capacity, U ion concentration, outlet concentration at time t, the mass of adsorbent, flow rate and flow time, respectively. A linear plot of ln[(C o /C t ) À 1] against time (t) was used to determine k Th and q o values from the slope and intercept of the plot, respectively.
Bed depth service time model
The bed depth service time (BDST) model (Bohart & Adams ) is useful in determining the linear relationship between service time (t) and the bed depth (Z) (Equation (7)).
where C o is the initial concentration (mg/L), C b is the breakthrough metal ion concentration (mg/L), U is the linear velocity (cm/min), N o is the adsorption capacity (mg/L), Ka is the BDST model rate constant (L/mg/min), t is the time (min) and Z is the bed height (cm). The R 2 value showed the fitness of the BDST model on the column, which was obtained at different C b /C in ratios. By keeping the linear velocity and inlet concentration constant, the value of the adsorption capacity N 0 (mg/L) and rate constant Ka(L/mg min) for the respective C b /C in ratio was estimated from the slope and intercept, respectively.
RESULTS AND DISCUSSION
RSM analysis and model fitting
The experimental design matrix response on the adsorption capacity of pH, sorbent dosage and U ion concentration is shown in Table 2 . Adsorption data were subjected to RSM analysis and a polynomial equation was developed (Equation (8)).
A, B and C are representing pH, adsorbent dosage and U ion initial concentration, respectively, and Y is the response (q e ). The adequacy of the fitted model is an important step for model validation (Iqbal et al. ) . The plot of normal probability (%) versus residual values is shown in Figure 1 (a) and predicted versus actual adsorption capacities are shown in Figure 1(b) .
The U actual adsorption values were found to be in line with predicted values. Most of the points lie in a narrow range with very small residual values, indicating the normality of the data. The high degree of agreement between predicted and observed values indicates that the CCD was employed successfully as an effective and reliable tool for evaluating the adsorption behavior of U on to RHWB. ANOVA for U ion adsorption data is shown in Table 2 , where the significance of the coefficients was determined from F and P values. The low P < 0.05 value and larger F value indicate the significance of the respective parameter. Among the process variables, i.e., A-pH, B-adsorbent dosage, C-concentration, AB, AC, BC (interactions), A 2 , B 2 and C 2 (quadratic effect), the A, C and C 2 effects were significant, while other effects were insignificant for the adsorption of U onto RHWB. For significant effects, the P values <0.05 were considered (Iqbal et al. ) . Moreover, the values of R 2 (0.897) and adjusted R 2 (0.8076) are very high, which is also a good indication of model validity and model fitting. The model's high F value (9.86) and very low P value (0.0007) also imply that the model is significant. The 2D plots of U adsorption onto RHWB are shown in Figure 2 . It can be seen from the response that pH and U ion initial concentration have a more pronounced effect on U adsorption versus adsorbent dosage. The sorbent dose in the range of 0.05 to 0.30 g was studied; the maximum U ion adsorption was at a low adsorbent dose of 0.05 in the pH range of 5-6. Similarly, designed experiments in the selected range of U(IV) concentration and pH were done to see the combined effect on the sorption capacity, and the results are shown in Figure 2 . It was observed that the U ion concentration (10 to 100 mg/L) and pH (2-9) at a constant adsorbent dose of 0.17 g, the highest U ion adsorption was achieved in the pH range of 5-6.
Column study
Effect of bed height
A fixed bed column was used for the adsorption of U ions on to RHWB for three different bed heights (1, 2, and 3 cm) at a constant flow rate of 1.8 mL/min, inlet concentration of 50 mg/L and pH 4. The breakthrough results are summarized in Figure 3 . Data revealed the continued adsorption until the breakthrough point was reached, the C out /C in raised rapidly to 0.5 and then, slowly reached to 1 leaving the S-shape curves. Based on response, it is observed that slope decreased rapidly with higher bed height and adsorption capacity increased by increasing the bed height of the column (Table 3 ). The breakthrough time and volume also increased as bed height increased. The higher U ion adsorption with increasing bed height in the fixed bed column is correlated with higher surface area and availability of more binding sites for fixed volume and flow rate. 
Effect of flow rate
The breakthrough curves for U ion adoption at various flow rates (1.4, 3.6 and 5.4 mL/min) through 3 cm bed height and inlet concentration of 50 mg/L are shown in Figure 3(b) . The breakthrough parameters are presented in Table 3 . The U ion adsorption per unit mass decreased as flow rate increased, which indicates that among three steps of the adsorption processes (film diffusion, pore diffusion, and surface diffusion), surface diffusion is the dominant step and U ions occupy only the active sites on the adsorbent surface. The results showed that by increasing the flow rate from 1.8 to 5.4 mL/min, the breakthrough curves shifted towards a lower scale and the breakthrough time decreased due to the increase in flow rate, and under this condition, U ions did not have enough time to adsorb on the surface of the adsorbent (Shahbazi et al. ) .
Effect of initial ion concentration
The effect of the inlet U ion concentration on U ion adsorption onto RHWB was investigated in the concentration range of 25 to 75 mg/L at a constant bed height of 3 cm and flow rate of 1.8 mL/min. The responses are shown in Figure 3 (c) and Table 3 . Adsorption capacity increased as the U ion concentration increased, whereas breakthrough time decreased, which was due to the high driving force for the adsorption process at the higher concentration. This can be explained on the basis of the fact that more adsorption sites were being covered as the U ion concentration increased. At higher inlet concentration, the slope was steeper along with low breakthrough curve and less time. These results revealed that the concentration has a significant effect on adsorption in column adsorption mode, which is due to the concentration gradient, saturation rate and breakthrough time. So far, the diffusion process was concentration dependent, and this trend is in line with reported studies for column mode studies (Vijayaraghavan et al. ; Goel et al. ).
Thomas model
Data of different column depths, flow rates and initial U ion concentrations were subjected to the Thomas model and the response is shown in Table 4 . The results revealed that the q o value increased, whereas K Th reduced as the bed heights increased from 1 to 3 cm. The K th value also decreased as the U ion concentration increased from 25 to 75 mg/L. However, flow rates revealed a different behavior. The q o value decreased, whereas the K Th value increased by increasing the flow rate from 1.8 mL/min to 5.4 mL/min.
BDST model
The BDST model measures the adsorption capacity of the bed at different breakthrough values (Bohart & Adams ) . So far, the BDST model is useful in understanding physical adsorption phenomena. The slope and intercept values for the plot (C t /C in ratio) are listed in Table 5 . The rate constant K a (L/mg min) represents the rate of metal ion transfer from solution to the adsorbent surface. The higher correlation coefficient values suggested that that BDST model explained the U adsorption onto RHWB well. As the Ct/C 0 ratio increased, the N 0 value also increased and K a decreased, which indicates that U ion adsorption on to RHWB was a physical phenomenon, and similar results has also been reported previously (Kiran & Kaushik ) .
CONCLUSIONS
This study aimed to explore the potential of RHWB (as a sorbent) for the removal of U(VI) ions from aqueous solutions. Batch and column mode studies were performed. Bed height, flow rate and initial U(VI) ion concentration were studied in column adsorption mode. Adsorbent dose, U(VI) ion initial concentration and pH parameters were studied for the batch adsorption mode. The developed model was validated statistically and RSM was found to be a reliable method for the optimization of the input variables for U(VI) removal. In column adsorption mode, breakthrough curves and BDST and Thomas models were employed and the adsorption process was found to be dependent on bed height and initial U(VI) ion concentration, whereas flow rate decreased the adsorption of capacity. In batch mode, adsorbent dose, U(VI) ion initial concentration and pH also affected the U(VI) ions' adsorption onto RHWB. Results revealed that RHWB has potential to remove U(VI) from wastewater. Among both batch and column adsorption modes, batch mode adsorption efficiency was significantly higher versus column mode. 
